but the coating of cylindrical objects has also been addressed. The lubrication form of the equations governing the flow of a Rayleigh considered the capillary instability of a cylindrical thin liquid film on a horizontal right circular cylinder is derived. liquid jet and found that longitudinal waves with waveThe equations are discretized and solved numerically using an lengths greater than the circumference will grow, and those alternating-direction implicit algorithm. Simulations demonstrate with wavelengths less than the circumference will decay that the transition from a uniform coating to a final configuration (3). The motion of an annular thread of liquid on a wire of distinct drops follows a similar evolution for a wide range of was studied both theoretically and experimentally by Goren cylinder radii. Initially gravity-driven drainage from the top and (4). Limiting his consideration to wires or tubes small sides of the cylinder dampens the formation of any axial disturenough that surface tension forces are much larger than gravbances; only when this drainage slows do longitudinal waves begin to develop along the bottom of the cylinder. These waves grow itational forces, he found that the liquid film is unstable for rapidly and a series of alternating primary and satellite drops form sufficiently long wavelengths, and was able to calculate the during the transition from a linear to a nonlinear wave growth most unstable wavelength. Hammon (5) and Gauglitz and regime. This is followed by a slow drainage between adjacent drops Radke (6) extended the work of Goren, but their primary as the drop pattern approaches an equilibrium state where surface consideration was the coating on the inside of circular cylintension forces exactly balance gravitational forces in each discrete ders. Recently Mashayek and Ashgriz (7) used a heightdrop. For large cylinder radii, these drops are localized on the flux method to model the full problem and identified growth bottom of the cylinder, while, for sufficiently small cylinder radii, rates and interfacial shapes as a function Reynolds number, these drops may wrap around the entire circumference of the disturbance amplitude, and cylinder radii.
I. INTRODUCTION
evolution equation based on the lubrication approximations (9) . Kranz and Zollars started with the Orr-Sommerfeld The motion of a liquid film under the combined influence equation and found a series solution valid for thin films and of surface tension, gravitational, and viscous forces has re-Reynolds numbers less than 0.5 (10). Shlang and Sivashinceived much attention in the fluid mechanics literature. Such sky also derived an evolution equation and modeled certain films occur in many industrial applications, such as the coat-aspects of chaos in the film (11) . Solorio and Sen solved ing of objects with paint films and many heat transfer prob-the complete problem numerically, and showed that the cylems, as well as natural phenomena, such as the coating of lindrical falling film is unstable for all cylinder radii, Weber the alveoli of the lungs with a thin mucous film. In addition, numbers, and finite Reynolds numbers (12) . the wave motion and pattern formation occurring in such
The possibility that axial rotation of the cylinder may lead films has been a subject of much interest to the physics to centrifugal forces that counterbalance the draining force of community. gravity has been considered by several researchers. Moffatt Much of the work has concentrated on the canonical prob-derived an expression for the maximum liquid entrainment, lem of a liquid film flowing down an inclined plane (1, 2) , and also investigated the onset of instabilities both theoretically and experimentally (13) . Preziosi and Joseph con- 1 To whom correspondence should be addressed. experimental and theoretical verification (14) . Hansen and Kelmanson used an iterative, integral equation formulation applied to the Stokes equations to consider coatings of arbitrary thickness (15). Stability criteria have been investigated by Dávalos-Orozco and Ruiz-Chavarría for small Reynolds numbers and wavenumbers (16).
The lubrication form of the unsteady two-dimensional evolution equation for simple liquids coating arbitrarily curved substrates was derived by Schwartz and Weidner (17) . Results were presented for coatings in corner regions defined by a combination of flat and circular substrate segments. This was extended to include multicomponent, evaporating liquids by Weidner et al. (18) .
Several researchers have considered the shape of steadystate pendant and sessile drops. Bashforth and Adams used hand-calculated tables to predict the shape of liquid drops on horizontal substrates as a function of surface tension and drop size (19). Hartland and Hartley used a fourth-order Runge-Kutta method to refine these calculations (20) , and axial drops. Periods of drop formation and coalescence are O'Brien used the method of matched asymptotic expansions shown to correspond with increases in the rate of viscous to obtain the same profiles (21). Lawal and Brown considenergy dissipation, and qualitative criteria for the extent to ered the shape and stability of a pendant drop suspended which drop shapes have evolved toward their equilibrium from the end of an inclined circular tube (22) . Using a finiteshapes are considered. In addition, we also consider the element method, they calculated the maximum drop volume steady shape drop profile for large pendant drops on cylinas a function of tube radius and inclination angle.
ders of various radii and calculate the maximum drop volume In this study, we consider the motion of a simple liquid these cylinders may support. Conclusions are drawn in Secon a right circular cylinder oriented with the axial direction tion V. Applications of this work include coating and conperpendicular to gravity. We derive the lubrication form of densation on tubes, wires, and fibers and the condensation the three-dimensional, unsteady, coating evolution of a thin on larger cylindrical objects, such as pipes and ducts, in liquid film on a horizontal cylinder and simulate the formamicrogravity environments. tion of discrete drops on cylinders of various radii. We also consider the shape and volume of large-amplitude pendant drops. In Section II we derive the full equations of motion
II. MATHEMATICAL MODEL
and boundary conditions for the free surface flow of a Newtonian liquid on a cylinder when the Reynolds number is A. Governing Equations small. Under the assumption that the slope of the free surface relative to the substrate is small, we perform a scaling analyConsider a thin liquid film coating a solid right circular sis to extract a simpler set of equations which retain the cylinder, oriented with its axis perpendicular to gravity, as essential nonlinear physics of the problem. Unlike standard shown in Fig. 1 . Employing cylindrical coordinates (r, u, z), implementations of lubrication theory, which use a small the solid cylinder has a radius r Å R c , length z Å Z c , with u slope approximation to the radius of curvature, we retain the representing a polar direction. The liquid is confined to a region exact expression for the curvature, allowing a consistent R c £ r £ h, where h, the thickness of the coating layer, is evaluation of surface energy, as well as permitting us to taken as a function of u, z, and time t: h Å h (u, z, t) . predict the steady-state shape of large-amplitude pendant With velocities in directions (r, u, z) given by (£, u, w), drops. In Section III we discuss the discretization and numer-respectively, and subscripts indicating partial differentiation, ical solution to these equations. A modified alternating-direc-the continuity equation for an incompressible fluid in cylintion implicit (ADI) method is presented and verification of drical coordinates takes the form the numerical implementation is demonstrated by comparing the numerical results with analytical results for various subproblems. Simulations are presented over a wide range of
[1] cylinder radii in Section IV, and show many interesting features of drop formation. Integral measures of the evolving patterns, such as the total energy, indicate that several growth regimes occur sequentially, with drainage of liquid from the For small Reynolds numbers, the momentum equations in cylindrical coordinates, the Stokes equations, are given by top to the bottom of the cylinder preceding the formation of at r Å R c / h. Neglecting the shear of the gas phase on the
interface, and further assuming that the atmosphere is at zero pressure, a stress balance at the free surface, in tensor notation, is given by 0 rg cos u [2] [t ij / pd ij ]nP j Å sknP i .
[
Here t ij is the stress tensor in the liquid at the interface and s is the surface tension of the liquid. The three equations / rg sin u [3] found by summing [9] over j for i Å r, u, and z, respectively, are
Here p is the pressure, r is the density and m the viscosity
of the liquid, and g the acceleration of gravity. At the surface of the solid cylinder, r Å R c , the no-slip boundary conditions
are imposed:
and its unit normal vector n is given by
where all three equations are evaluated at r Å R c / h. Eliminating the pressure p and curvature k from Eqs.
[10b] and
[10c] yields two equations expressing the condition of zero tangential stress at the interface,
The material derivative of F must vanish, yielding the kinematic condition on the free surface r Å R c / h:
u u r The mean curvature of the free surface for this geometry can be written
with both equations evaluated at r Å R c / h.
The three momentum equations plus the continuity equa-
[16] tion give four equations for the three unknown velocities, [5] ; and the initial conditions constitute a complete at rV Å 1 / HhU . The boundary conditions [11] transform to statement of the problem. Unfortunately this set of equations is highly nonlinear, and complete numerical solutions tend to be difficult to implement and computationally inten-
In what follows, we obtain a simpler set of equations, which nonetheless incorporate the essential nonlinear physics of the problem, by exploiting the long-thin geometry
[18b] of the liquid film. Specifically, we scale lengths in the u and z directions by an order a smaller than lengths in the r direction, and determine the leading order equations using a systematic expansion of the velocity components in pow-with both equations evaluated at rV Å 1 / HhU . ers of a.
We 
. [20] where h 0 is a characteristic coating thickness and u 0 is a characteristic velocity. We begin by eliminating the pressure from the r, u, and z momentum equations:
The resultant scaled equations, evaluated at r Å R c / h, are
The scaled form of the continuity equation takes the form where l Å rgR 2 c /mu 0 and L Å s/mu 0 . Note that we have assumed that all k terms are
[15] by Eq. [8] . We are, in effect, assuming that L is O(1/a 2 ) to bring the effects of surface tension into the O(a) problem. Benney (23), Atherton and Homsy (9) , and others have employed a similar specific ''promotion'' for related thinwhere H Å h 0 /R c , while the no-slip boundary conditions transform to film problems.
We now represent the scaled velocities in regular perturba-
and using boundary conditions [25] , two subsequent inte-
grations yield an equation for the zero order u velocity
and £V (1) , uV (1) , w V (1) using Eqs.
[15] - [21] . The governing equations and boundary condi-
tions for the zero-order problem are as follows:
Proceeding similarly with [24], we find
The zero-order £ velocity is found by integrating the continuity equation with the boundary conditions given by [25] :
The governing equations and boundary conditions for the order a problem are as follows:
Integrating Eq.
[24a] once yields
where the function A 0 must be given by
[34a] and applying the appropriate boundary conditions yields the order a velocity in the u direction:
Proceeding similarly with [34b], we find
Returning to physical variables, the evolution equation is
The order a velocity in the r direction may be found by integrating the continuity equation with the boundary condi-
tions given by [35] , but limiting our consideration to the order a problem, it is possible to write the evolution equation in divergence form without solving explicitly for £V (1) . Inte-
grating the continuity equation between rV Å 1 and rV Å 1 / HhU , and using Leibniz's rule, the kinematic condition takes the form where the functions G 1 (h) and G 2 (h) are given by
with the fluxes given by
To order a, the divergence form for the evolution equation is given by
Expanding the logarithmic terms in the two functions for small h/R c yields
C. Nondimensionalization where the k / 1 / 2 level is always the ''predicted'' time level. We first sweep the domain, treating higher u derivaWe now nondimensionalize the evolution equation using a tives implicitly and z derivatives explicitly, and solve for different scaling. All lengths will be scaled with the capillary Dh k/ 1 / 2 length, l c Å s/rg, and we define
Henceforth dropping the hats, the nondimensional form of
[43] is
With Dh k/ 1/2 found, we determine h k/ 1/2 using (48). We again sweep the domain, treating high z derivatives implicitly, and solve for Dh
To solve Eq.
[46] numerically, we discretize the u, z, t 1. Ã are explicit terms from the discretized form of the when D Å Dz Å R c Du. This is a severe requirement, making expression [(R c / h)sin u 0 k u 0 h u cos u] in the evolution multidimensional unsteady calculations with good spatial equation using central differences for all u and z derivatives. resolution impractical. Stability can be greatly enhanced by 2. B are terms from the u derivative of the second term treating the high derivatives of k implicitly. In addition, in Eq. [8] , with all higher u derivatives treated implicitly. nonlinear prefactors, such as the h 3 terms in Eq.
[46], will 3. C are explicit terms from the discretized form of the be treated explicitly in our numerical scheme. All lower expression [0k z 0 h z cos u] in the evolution equation and derivatives of k may also be treated explicitly.
always evaluated at the k time level. The discretized quantities are u i Å iDu, z j Å jDz, t Å 4. D are terms from the z derivative of the fourth term in Eq. [8] , with all higher z derivatives treated implicitly. kDt, and h Å h k i , j , where the superscript k is the time level. We solve the discretized evolution equation using an ADI 5. Ẽ are terms from the z derivative of the fourth term in Eq. [8] , treated explicitly, at the k time level for Ẽ k and method similar to that developed by Conte and Dames for the biharmonic equation (24). We first sweep through the the known ''predicted'' time level for Ẽ k/ 1/2 . domain, treating all higher u derivatives of k implicitly and Using this algorithm, sets of pentadiagonal systems of all z derivatives and lower u derivatives explicitly. In the equations must be solved twice at each time step to deternext time step, which is a corrector step, higher z derivatives, mine Dh
and Dh k/ 1 i , j . which were treated explicitly in the predictor step, are treated
The volume of the liquid region is given by implicitly.
First we introduce the new quantities
or in discretized form, 
with the two cases listed above. For the first case, the solution for a given R c can be ex- For the second case, a solution can be obtained by integrat-(ii) the steady-state coating profile of cylinder with no axial ing the ordinary differential equation expressing the condivariation in the coating layer. We use the results of our timetion of zero flux, dependent algorithm at large time, when steady state has
using the boundary conditions
with k given by Eq. [8] with h z Å h zz Å 0. The value of h max was determined using the time-dependent program with no z variation, and corresponds to the drop of maximum cross-sectional area that a cylinder can support. The timedependent steady-state solution shown in Fig. 3 is close to the exact solution, and the discrepancies in the region of the cylinder are due to the coarse grid and the fact that the contact angle for the numerical solution is not exactly zero.
In addition, convergence of the solution under spatial and temporal refinement was verified for a variety of other cases.
IV. RESULTS

FIG. 2. Comparison of axisymmetric coating profiles produced using
In this section we consider two distinct problems. First the numerical algorithm and an analytical solution found using elliptic integrals, for two different values of R c .
we use the time-dependent algorithm developed in Section III to simulate the coating behavior of liquids on cylinders of various radii. For these cases, we restrict our considerations to thin films where the slope of the air-liquid interface entire evolution of the film. For these cases the lubrication approximation is always valid, and we expect to capture nonlinear effects correctly. Second, we allow much larger begin to form during this period are damped by the gravityliquid volumes and consider only the final state, where sur-driven drainage from the top and sides of the cylinder toward face tension exactly balances gravity and viscous forces are the cylinder bottom. In phase 2, illustrated in Fig. 6 , the negligible. For both of these cases, we consider cylinders of drainage slows, and a low-amplitude longitudinal disturradii from 0.125 to 2. For terrestrial gravity, where the capil-bance begins to grow. The wavelength of this disturbance lary length is l c É 0.25 cm, these radii correspond to cylin-is approximately 10.5. By comparison, a linear stability analders with diameters from 0.0625 to 1.0 cm. But for micro-ysis predicts the most unstable wavelength for a two-dimengravity environments, the simulations can correspond to cyl-sional disturbance on the underside of a flat substrate to be inders with much larger diameters. 2p 2 É 8.88. For an identical simulation but with a much larger Z max , the initial low-amplitude wavelength is approxi-A. Drop Evolution mately 8.9, demonstrating that the wavelength for this simulation is influenced by the enforced zero-slope boundary Figure 4 shows the initial state of the canonical problem conditions at the two ends of the cylinder. Phase 3, shown considered in this section. A right circular cylinder of radius in Fig. 7 , shows the transition from a linear to a nonlinear 1.0 and length 5p is coated with a uniform film of thickness growth regime. For times between 1700 and approximately h 0 Å 0.1 at t Å 0. (All lengths are in units of the capillary 2200, the growth rate of the disturbance increases. For times length l c .) Low-level white noise (maximum amplitude 10 06 greater than t Å 2200, the amplitude grows at a decreasing l c ) is applied to the free surface, and we model the coating rate at the two crests, and higher harmonics appear in the evolution as discrete drops form on the cylinder. In Figs. 5-two troughs as the wave first flattens, and then divides into 8 we plot the coating thickness at the cylinder bottom for two waves in this region. This nonlinear division produces four distinct phases of drop evolution. In phase 1, illustrated a small-amplitude drop between two large-amplitude drops, by Fig. 5 , the liquid drains under gravity and there is very sometimes referred to as a satellite drop (27). In phase 4, little variation in the axial direction. Longitudinal waves that shown in Fig. 7 , the evolution slows as the drop profile approaches its steady-state shape. During this phase, the sat- increases. This drop movement and coalescence are due, in part, to the enforced zero-slope, zero-flux boundary conditions at z Å 0 and z Å 5p. Thus, at both ends of the cylinder where h and R c are in units of l c and the nondimensional there must be a drop crest or trough, with a half-integral energies E s and E g are in units of s 2 /rg. number of drops between these two boundary drops. At Figure 9 plots E s , E g , and E s / E g for the four phases steady state the sum of the total volume of these drops must shown in Figs. 5-8, with E s and E g normalized to 0 at t Å equal the initial volume of liquid.
0. The surface tension energy, and therefore the area of the The results presented in Figs. 5 through 8 are for one free surface, increases monotonically over the time range 0 simulation with an initial random noise amplitude of 10 06 £ t £ 10 5 . The gravitational potential energy monotonically l c . We are dealing with an inherently nonlinear problem, and decreases over the same interval, and both curves have an the possibility of large changes in the final state due to small inflection point at approximately t Å 2200, which, from Fig. changes in the initial conditions must always be considered. 7, corresponds to the time of large drop formation on the For this problem, however, most of the qualitative features cylinder. Energy is lost in this system through viscous heatdiscussed in the preceding paragraph are fairly robust and ing, given by E g m , and from conservation of energy we find are not greatly modified using different initial conditions. We have investigated the matter and found that while in-E g m Å 0(E g s / E g g ).
[57] creasing the noise amplitude or starting with a low-amplitude longitudinal wave changes such features as the nonlinear time onset and the location and amplitude of the primary The region of drop coalescence is not shown clearly in Fig. 9, but Fig. 10 , which plots E g m versus time, clearly shows the and satellite drops, it does not affect the number of primary drops that form on a cylinder of a given length. Numerical time frame for drop movement and coalescence between t experiments indicate that the qualitative features of drop formation considered in this section are largely independent of the initial conditions. It is informative to compare the various stages of drop growth with the total potential and dissipated energy of the system. The surface tension energy, proportional to the area of the free surface, is
while the gravitational potential energy is given by 
at 4000 £ t £ 5000 corresponds to lateral drop movement and coalescence. Figure 15 shows at the time of drop formation, and drop coalescence does the drop formation on the underside of the cylinder for the not occur, though there is a slow drainage from the satellite same simulation plotted in Fig. 14. Qualitatively this graph drops into the primary drops in both cases. Figure 13 shows is similar to that shown in Fig. 6 for the R c Å 1.0 case. After the long-time, quasi-steady-state, three-dimensional profile most of the liquid has drained from the top and sides of of the cylinder and coating for cylinder radii of 2.0, 1.0, and the cylinder, a low-amplitude longitudinal disturbance grows 0.5. In all three cases the starting volume, noise amplitude, and primary and satellite drops form during the transition and cylinder length are the same.
from the linear to nonlinear growth regime. But in this case, For the three cylinder radii considered above, the surface the gravitational potential energy increases during this drop area, and therefore the surface energy, increases monotoniformation phase. The reason for this is clear from Figs. 16-cally with time, while the gravitational potential energy al-19 where we have ''unwrapped'' the cylinder to show a plot ways decreases. But on length scales where the effects of of h versus z and arc length x Å R c u, for four different times. surface tension forces are comparable to gravitational forces, As with the case of larger radii, the liquid first drains toward we expect that the surface area may decrease, even if this the bottom until only a thin layer remains at the top of the requires an increase in the gravitational potential energy. Such a situation occurs for a cylinder radius of 0.125, corresponding to a Bond number of 0.015 based on cylinder increases dramatically during the formation of the high-amplitude drops, as shown in Fig. 20 . There is also a secondary cylinder. But when large-amplitude drops begin to form plateau at approximately t Å 1500, which corresponds to along the cylinder bottom, liquid is drawn back to the top the time of upward flux toward the top of the cylinder and of the cylinder. The large-amplitude drops are not confined the formation of satellite drops due to the appearance of to the underside of the cylinder, but wrap around the circum-higher harmonics in the drop troughs, as described for the ference of the cylinder and cover portions of the top of the R c Å 1 simulation. cylinder. The surface tension energy decreases because the For all the simulations presented, the coating liquid first large-amplitude waves have a lower surface area than a uni-drains toward the bottom of the cylinder and then forms a form coating, but the gravitational potential energy increases series of primary and satellite drops along the horizontal during this period as liquid is pushed upward to the top axis of the cylinder. These drops will reach a state of static surface of the cylinder. This result may be important in equilibrium when the hydrostatic pressure difference exactly applications where it is desired to limit the thinning of coat-balances the pressure drop across the interface due to surface ings on small cylinders due to gravitational drainage, for it tension, i.e., indicates that the coating distribution will be substantially more uniform for cylinders below a critical nondimensional
Figure 15 also shows that the wavelength of the initial where C is a constant. This state will be reached only exactly disturbance is much less than that for the R c Å 1 case. For at infinite time. Equation [58] is also satisfied when the sum this value of R c , surface tension is much more important of the two potential energies, E s and E g , is at a minimum than gravity, and the wavelength of the initial disturbance within the constraint of constant volume, is close to the most unstable wavelength predicted by linear Coating thickness h and pressure P corresponding to the R c of the cylinder, and satellite drops are starting to form in the troughs.
Å 1 case at t Å 10,000 shown in Fig. 8 . The pressure in each drop approaches a constant when h at the pinch points between the drops approaches zero.
growth of discrete drops, but evolves toward a square-wave Surface and contour plot of P(x, z) for the R c Å 0.125 case Å 1 case at t Å 10,000 shown in Fig. 8 . The pressure in each region at t Å 3000 shown in Fig. 15 . The pressure in each region occupied by the occupied by the three drops is approximately constant.
drops is approximately constant.
pattern as three primary drops and three satellite drops form Figures 25 and 26 show a perspective view of large-amplibetween t Å 1000 and t Å 3000. A surface and contour plot tude drops on cylinders of various radii. The figures were for this same case is shown in Fig. 24 , demonstrating that produced by starting with an initial volume and running the P approaches a constant value everywhere in the (x, z) simulation for a given nondimensional cylinder radius R c domain occupied by each of the three primary drops and until P(u, z) varied by no more than 1% over the region three satellite drops.
occupied by the drop. The volume of the drop was then increased and the simulation continued until P(u, z) stabi-B. Static Drops lized again. If P(u, z) did not stabilize, the volume was In the last section we simulated the formation and evolu-reduced. At each iteration, the cylinder length Z max in the tion of small-amplitude drops using the numerical technique computational domain was adjusted so that there were a developed in Section III. In this section, we use the same sufficient number of extra nodes to the right of the last technique to determine equilibrium shapes for large drops node occupied by the drop so that the imposed boundary when there is an exact balance between surface tension and conditions of Q(z Å Z max , u) Å 0, h z (z Å Z max , u) Å 0 did gravitational forces. The shape of such drops can be obtained by starting with an initial volume and running the simulation for a given R c until steady state has been reached by the criteria considered in the last section. For drops of large fluid volume, the small-slope requirement is not uniformly satisfied; thus evolving profiles are not time accurate. As a method for finding equilibrium solutions, however, it is competitive with the Newton iteration approach of Lawal and Brown (22) , for example. Unlike Newton iteration, the present quasi-time-dependent method also verifies stability, at least within the dynamical modes included in the smallslope approximation. and wavelength from the numerical result with the two free parameters allowed in the axisymmetric solution (25).] Note that though the drop profiles approach the axisymmetric case for small R c , we cannot use the axisymmetric results alone to predict the maximum drop volume. This is due to the fact that the effect of gravity is not only to remove the axisymmetry in the drop shape, but also to enforce a wavelength for monotonically with the wavelength of the drop, and drops of arbitrarily large volume may be produced by simply increasing the wavelength. The results given in Fig. 27 may not affect the drop shape when additional volume was added to the drop. In effect, the drop found its own length, and in drawing the plots shown in Figs. 25 and 26 , the extra nodes in the computational domain, all with negligible h, were not shown. Using this iterative scheme, the maximum volume for drops on cylinders of various radii was obtained.
The final drop shapes for cylinders of various radii are shown in Figs. 25 and 26. Here we view a cut section of the drop and supporting cylinder at an angle of 55Њ with respect to the z axis. Note in particular the R c Å 0.125 case, where a substantial portion of the drop remains above the top surface of the cylinder, forming a part sessile, part pendant drop. The maximum volume a given cylinder can support increases with increasing cylinder radius. This function is plotted in Fig. 27 , with the volume in units of l 3 c and R c in units of l c . A drop on a cylinder of infinite radius would correspond to a static axisymmetric drop on a horizontal substrate, and the maximum volume for such a drop is included for reference in the figure. Consequently we expect the maximum drop volume to asymptotically approach this value for large R c . The three data points at the low end of the spectrum in Fig. 27 require a more detailed explanation. axisymmetric result was produced by matching the radius be of practical importance in applications where it is im-time-dependent algorithm is run until the effects of viscous forces are negligible, and the final drop profile corresponds portant to maximize or minimize the condensation or coating volume on cylindrical bodies such as fibers, wires, and tubes. closely to the equilibrium state for a pendant drop on a prewetted horizontal circular cylinder. Such a method will Additionally, the static shape of drops in simple geometries can be used to predict the value of the surface tension (28). fail to find a stable drop profile only when the drop volume for a given cylinder radius is too large, and this fact was The present results can be used for the same purpose in this more complicated geometry. Such a capability may find used to determine the maximum drop volume a given cylinder may support. application in certain industrial processes where noninvasive measurement is desirable.
Applications of this work include the coating of wires, fibers, and tubes, as well as the condensation on ducts and condenser tubes used in most refrigeration and air-condition-V. CONCLUSIONS ing machinery. Results are relevant to both normal and lowgravity environments. We have derived the leading order lubrication approximation for the three-dimensional, unsteady evolution of a thin ACKNOWLEDGMENTS liquid film on a horizontal right circular cylinder. The resultant equations were discretized and solved numerically using an ADI technique. The resulting algorithm is computationally efficient and allows the modeling of coating evolutions
